on the molecular evidence as well as morphological similarities between the polar capsules of Myxozoa and the nematocysts of Cnidaria. In contrast, the triploblastic origin was suggested by the hox-gene analysis (Anderson et al., 1998) and the morphological findings of Buddenbrockia, a possible ancestor of Myxozoa from bryozoan hosts . The ultrastructural study of Buddenbrockia revealed the triploblastic organization (the presence of an inner layer of cells and 4 sets of longitudinal muscle blocks), thus demonstrating bilaterian affinities and a possible relation to nematodes . It also remains unclear which came first, the myxosporean or the actinosporean stages, in the evolutional scenario.
Presence of sexual reproduction in the actinosporean stage of Myxobolus cerebralis (EI-Matbouli and Hoffmann, 1998) suggests that Myxozoa are originally parasites of invertebrates, although the sexual process has been poorly described in other myxozoans.
Intra-phylum classification has been largely revised. Presently, the Myxozoa is comprised of two classes; Myxosporea and Malacosporea, the latter being recently created for uncommon myxozoans in bryozoan hosts. Following the clarification of the bi-phasic lifecycle of many myxosporeans, the class Actinosporea was suppressed, and hitherto described actinosporeans were proposed to be downgraded to collective groups (Kent et al., 1994) . However, it cannot be ruled out that some actinosporean species, in particular marine species, have direct invertebrate-to-invertebrate transmission without a typical myxosporean phase (Lester et al., 1999) . Thus, it is still debated whether a newly found actinosporean, whose corresponding myxosporean stage is unknown, can be designated as a new species (Kent and Lom, 1999; Lester et al., 1998 Lester et al., , 1999 . Molecular phylogeny has revealed inconsistencies between the molecular and morphological systematics of the Myxozoa. In the order Multivalvulida, traditional classification dividing members of the order into families and genera were based on the number of polar capsules and spore valves. However, the molecular analysis of SSUrDNA of Pentacapsula, Hexacapsula, Septem- capsula and a newly found myxozoan having 13 polar capsules (Whipps et al., 2003a) indicates that these parasites cluster within the clade containing Kudoa spp., suggesting that the number of polar capsules is not a valid criterion for separating the multivalvulids into genera and that the diagnosis of the genus Kudoa should be amended to accommodate all myxozoans possessing 4 or more polar capsules (Whipps et al., 2003b) .
Biology of Myxozoa
Alternation of myxosporean and actinosporean stages in the life-cycles of more than 25 species of freshwater myxozoans has been illustrated (Fig. 2) . The connection between the myxosporean genus, Myxobolus, and the actinosporean type (the former actinosporean genus), triactinomyxon, is most common. Other corresponding patterns are not always predictable. Cladistic analyses using the two different morphotypes showed that the actinosporean morphology has a lack of taxonomic congruity (Xiao and Desser, 2000a) . Although the PKX organism was identified as the malacosporean, Tetracapsuloides bryosalmonae, infecting bryozoans (Feist et al., 2001; Canning et al., 2002) , it is not well understood whether the relationship between the two stages in bryozoan and salmonid hosts is biologically equivalent to that between myxo-and actinosporean life stages. Further studies are required to elucidate the bi-phasic life-cycles of Myxozoa.
Much of what we know about biology of Myxozoa is based on studies on M. cerebralis (EI-Matbouli and Hoffmann, 1998; Bartholomew and Wilson, 2002) , and it is necessary to determine similar information for other important myxozoans. The developmental cycle of M. cerebralis has been relatively well described, but many questions still remain about various phases of the lifecycle as described below.
Portals of entry of actinospores
The findings of actinosporean stages have made it possible to experimentally determine the portals of entry for the parasite in the fish host. The skin, fins, gills and buccal cavity of rainbow trout Oncorhynchus mykiss have been demonstrated as the portals of entry for triactinomyxon spores of M. cerebralis (Markiw, 1989; El-Matbouli et al., 1995) . Scanning electron micro- Fig scopic studies revealed that as early as 1 min post expo sure to the fish, the polar filaments of the triactinomyxon discharge and the sporoplasms penetrate through the opening of the mucous cells of the epidermis (El-Matbouli et al., 1999a) .
In contrast, the aurantiactin omyxon spores of Thelohanellus hovorkai labeled with a fluorescent dye were observed to invade carp mainly via the gill filaments (Yokoyama and Urawa, 1997) . Aurantiactinomyxon spores of the PGD (= proliferative gill disease) organism primarily utilize the intestine of channel catfish lctalurus punctatus as the portal of entry (Bellem and Pote, 2001) . This suggests a variety of invasion for which the stimulus is as yet unknown. Skin mucus of the host fish has been shown to induce the polar filament extrusion of actinospores followed by the release of sporoplasms, suggesting that actinospores find the host by certain chemical substances in fish mucus (Yokoyama et al., 1993; Uspenskaya, 1995; Xiao and Desser, 2000b; Ozer and Wootten, 2002) . Yokoyama et al. (1995) demonstrated that low-molecular mucin components stimulated the polar filament extrusion of raabeia actinospores of Myxobolus cultus. A contradictory result was obtained by El -Matbouli et al. (1999a) , where triactinomyxon spores of M. cerebralis were not activated by the mucus of rainbow trout, perhaps indicating that both mechanical and chemical stimulations are required for host-finding in M. cerebralis.
Migration routes in fish hosts
Bloodstream stages, extrasporogonic proliferation development, of Sphaerospora spp. have been well documented in the fish host (Lom and Dykova, 1992) . Sphaerospora renicola also has swimmbladder stages, often causing inflammation of the swimbladder in carp, before sporogony develops in the kidney (Molnar and Kovacs-Gayer, 1986) . El-Matbouli et al. (1995) demon strated that M. cerebralis migrates via the nervous sys tems prior to settling in the cartilage tissues of rainbow trout. The presence of blood stages of Kudoa thyrsites was suggested after the successful transmission of the parasite to uninfected fish by intraperitoneal injection of blood from infected fish (Moran et al., 1999) , though the developmental form of K. thyrsites in blood has not yet been found.
For many other myxozoans, migration routes remain to be solved as the missing link between the portals of entry and the target tissues.
Settlement in the target tissues (associated with pathol ogy)
Variable pathological effects associated with differ ent microhabitats of gill-infecting myxozoans have been reported (Molnar, 2002) . For example, harmful largetyped plasmodia of Myxobolus koi develop in the primary lamellae of common carp Cyprinus carpio, whereas the small-typed ones are situated in the secondary lamellae (Yokoyama et al., 1997a) .
Myxobolus cerebralis devel ops in the cranial cartilage of rainbow trout, but localizes in the ribs or the gill arches of brown trout Salmo trutta, which are resistant to the pathogenic effects of whirling disease (Hedrick et al., 1999a) .
It is likely that infection in the head cartilage is more pathogenic than in the ribs or gill arches, but the reason for the difference in tissue distribution is unknown. Myxobolus buri develops in various parts of the brain of yellowtail but only cysts settled in the 4th ventricle have been closely associated with scoliosis of infected fish (Sakaguchi et al., 1987) . In contrast, no consistent relationship between parasite location and spinal curvature has been determined in the case of lordosis or lordo-scoliosis caused by Triangula percae in redfin perch Perca fluviatilis (Langdon, 1987) and Myxobolus spinacurvatura in mullet Mugil cephalus (Maeno et al., 1990) . Liyanage et al. (1998) showed the causal relation between the tissue tropism of Thelohanellus hovorkai and the route of entry of the actinosporean.
T. hovorkai infections that established in the gill connective tissue were associated with water borne infection, whereas subcutaneous tissue infections occurred via an oral route. Subcutaneous infection by T. hovorkai is likely to cause the cutaneous haemor rhages clinically observed in diseased fish, implying that oral infection, namely, the ingestion of oligochaetes, is critical for disease outbreak.
Regulation factors on developmental cycle
Environmental, physiological and immunological factors have been investigated as possible regulatory factors on the development of myxozoans in the fish host. Temperature strongly influences the severity of PKD in salmonids (Ferguson, 1981) . Sexual matura tion of host fish may promote the development of Kudoa thyrsites (St-Hilaire et al., 1998) . Entry to sea water of salmonids, probably inducing physiological changes, results in the arrested development of Myxidium salvelini (Higgins et al., 1993) . Dose of actinospores and fish age at the initial contact to actinospores influences the severity of infection with Myxobolus cerebralis (Markiw, 1992 a) .
However, it is unknown whether these factors directly or indirectly influence the parasite's develop ment. In other words, it is possible that temperature affects the development of the parasite directly, but it is also possible that an increase in temperature enhances the host's immune responses, controlling the parasite's development.
Also, this latter may either benefit the fish, if it is a productive response, or increase the rate of the disease if there is an immunopathological component.
If in vitro culture techniques for myxozoans are developed, the effects of factors on parasite devel opment can be analyzed individually. However, there are only a few convincing reports on the successful in vitro sporulation of myxozoans and this information is fragmentary (Wolf and Markiw, 1976; Siau, 1977) .
Release of myxospores from fish
Most histozoic myxozoans were believed to only exit after host death and decomposition (Lom, 1987) , but there is also evidence that myxospores are released to the environment while the fish host is still alive. In the case of Myxobolus artus, which forms visible cysts in the skeletal muscle of common carp, mature spores are phagocytosed by host macrophages and transported to other organs such as the kidney, skin, intestine and gills, and are finally liberated from the fish (Ogawa et al., 1992) . Associated with spore discharge of M. artus is the massive influx of spores into the gill capillaries which may cause significant pathological changes in the gills (Yokoyama et al., 1996) . Spore discharge of M. artus has a seasonal pattern, possibly influenced by tempera ture (Yokoyama et al., 1996) . Other histozoic species may rely on different routes and mechanisms of release. Regarding post-mortem myoliquefaction due to Kudoa spp., it is plausible that the parasite initiates the excre tion of proteolytic enzymes after host death in order to facilitate spore release from fish (Langdon, 1991) . However, these enzymes appear not to be produced from the myxospores but from the pre-sporogonic plas modia (Stehr and Whitaker, 1986) . Compared to research on the route of entry, little attention has been paid on the route of exit.
Myxospore characteristics the environment with worm faeces. On the other hand, the developmental processes (the mechanisms of entry and release, etc.) of the actinosporean stage of Ceratomyxa shasta infecting the epidermis of a freshwater polychaete (Bartholomew et al.,1997) and malacosporeans developing in the body cavity of bryozo ans are still unknown.
Collection methods for actinospores using multi-well plates or simple filtration have been developed for stud ies on actinosporean biology (Yokoyama et al., 1991; Thompson and Nehring, 2000) . The former method might be useful for collection of a large quantity of actinospores at a time, while the latter is adapted for sur vey of actinospore emergence in a field.
Biology of invertebrate hosts
Oligochaetes, polychaetes, sipunculids, bryozoans and cephalopods have been described as invertebrate hosts for myxozoans.
Compared to our knowledge of fish biology, we have a very unsatisfactory understand ing of the biology of the alternate invertebrate hosts, e.g., life-span, reproduction, feeding habits and defense mechanisms.
It is noteworthy that some oligochaetes have the ability to form cysts that allow their survival through drought conditions for up to 5 months (Anlauf, 1990) . It has been recently demonstrated that suscep tibility to M. cerebralis is variable among oligochaete strains and genotypes (Stevens et al., 2001; Beauchamp et al., 2002) . Environmental factors (e.g., habitat sub strates, nutritional potentials and dissolved oxygen lev els) influencing the distribution of oligochaetes have been investigated in relation to the severity of myxozoan infections (Allen and Bergersen, 2002; Koprivnikar et al., 2002; Blazer et al., 2003; Liyanage et al., 2003) . It is likely that anthropogenic activities in streams and rivers, e.g. dam construction, agriculture and forestry practices etc, affect oligochaete populations in a given watershed (Zendt and Bergersen, 2000) .
Transmission of marine myxozoans
Failure to experimentally transmit Kudoa thyrsites infection by injection/ingestion of spores (Moran et al., 1999) suggests the potential involvement of alternate hosts in the life-cycles of marine myxozoans, as is well documented for their freshwater counterparts.
Contrary to this belief, recent reports on the successful fish-to-fish transmission of Enteromyxum spp. give us new insight to the infection cycle of marine myxozoans from the intestine of marine fish. Direct transmission without a need of alternate hosts has been proven for Enteromyxum leei (= Myxidium leei) from European seabream Sparus aurata (Diamant, 1997) , E. scophthalmi from turbot Scophthalmus maximus (Redondo et al., 2002) and Myxidium spp. from tiger puffer Takifugu rubripes (Yasuda et al., 2002) . This does not necessarily mean that invertebrate alternate hosts do not exist in their natural life-cycles. But, in an intensive culture system, it is highly likely that trophozoi tes released from the intestine are rapidly ingested by other fish in the surrounding sea-cages, promoting a rapid multiplication of the parasite.
Another uncommon characteristic of E. leei is its wide host-range, which en compasses at least 36 fish species belonging to 16 families (Padros et al., 2001) . This implies that various feral fish species may act as a reservoir for this parasite.
Considering cannibalism and necrophagia frequently occur in the natural environment, this method of transmission may commonly exist among wild fish too.
Potential Control Strategies

Chemotherapy
Since the mid-1980s, many researchers have reported successful oral treatments with the fungal anti biotic, fumagillin (Molnar et al., 1987; Hedrick et al., 1988; Szekely et al., 1988; Wishkovsky et al., 1990; Yokoyama et al., 1990; El-Matbouli and Hoffmann, 1991 b;  Sitja-Bobadilla and Alvarez-Pellitero, 1992; Rhee et al., 1993; Yokoyama et al., 1999; Wang et al., 2001) and its analog TNP-470 (Higgins and Kent, 1998) against many myxozoan diseases (Table 1) , except for ceratomyxosis (Izbarra et al., 1990; Whipple et al., 2002) . However, the toxicities of these drugs have lim ited their practical application for farmed fish (Wishkovsky et al., 1990) . Toltrazuril, usually used for avian coccidian diseases, was successfully tested (Schmahl et al., 1989) , but few researchers have studied its efficacy. At present, there are no approved chemo therapeutants for myxozoans. In addition to anti-para sitic drugs, efficacy of immunostimulants should be investigated, although Whipple et al. (2002) failed to control ceratomyxosis by oral treatment with glucans. 
Vaccination
Only a few reports have confirmed the presence of serum antibodies to myxozoans (Griffin and Davis, 1978; Furuta et al., 1993; Hedrick et al., 1993) . One explana tion of this inconsistent production of antibodies is that myxozoans may mimic antigens of host fish (Pauley, 1974) . Acquired resistance to reinfection with PKD and whirling disease has been documented (Klontz et al., 1986; Foott and Hedrick, 1987; Hedrick et al., 1998) , though the mechanisms (specific and/or nonspecific defenses) have not been elucidated. Hedrick et al. (1999a) suggested that innate immunity such as cellular immune responses by eosinophilic granular leukocytes might be involved in the resistance of brown trout to M. cerebralis.
No reports have determined protective anti gens of the parasites responsible for the immunity.
Introduction of the resistant strains
The genetic resistance of certain salmonid fish spe cies or strains to C. shasta and M. cerebralis have been reported (Bartholomew, 1998; Hedrick et al., 1999a Hedrick et al., , 1999 Thompson et al., 1999) . However, salmonid strains resistant to C. shasta were found to be suscep tible to M. cerebralis, suggesting that the mechanisms of resistance are different for the two myxozoans (Hedrick et al., 2001) . Some evidence of the heritability of the resistant trait suggests the potential application of selec tive breeding (Hemmingsen et al., 1986; Ibarra et al., 1992 Ibarra et al., , 1994 . If the application of recent molecular tech niques to develop gene markers identifying this trait is successful, breeding programs may become effective in the future (Arkush et al., 2002) .
Management of aquaculture program
Quarantine appears to be of primary importance in preventing the spread of myxozoan parasites.
Fish from an endemic area should not be transferred to non endemic areas (Hoffman, 1990) . However, a threat of parasite transmission via fish eggs is unlikely (Markiw, 1991) . To enforce the quarantine policy rigorously, molecular-based detection methods will be useful for sensitive diagnosis of parasites even from live and asymptomatic fish (Andree et al., 1998; Fox et al., 2000) . Selection of disease-free sites (avoidance of infected waters) is worthy of consideration, as some myxozoans have only a limited geographical distribution (Hendrickson et al., 1989; Sugiyama et al., 1999) .
Other factor that can be managed in aquaculture is the age at which fish are exposed to infection. For M. cerebralis, it has been well documented that delaying exposure of rainbow trout to at least 9 weeks post hatch greatly decreases the incidence of whirling disease Biological control Some species or strains of oligochaetes, resistant to Myxobolus cerebralis, have been shown to be capable of ingesting and inactivating the myxospores of M. cerebralis El-Matbouli et al., 1999*: see the footnote of the previous page). Benthos-eating fishes may be useful for reducing the biomass of anne lids in pond bottoms . How ever, these approaches are still preliminary, and their efficacies need to be evaluated quantitatively.
Post-harvest treatment
For the post-mortem myoliquefaction caused by pro teolytic enzymes from some marine myxozoans, post harvest treatment might be adapted.
Several protease inhibitors, e.g., potato extract and egg white, have been reported to be effective against the proteolytic activities responsible for the muscle degeneration caused by marine myxozoans (Konagaya, 1984; Chang-Lee et al., 1989; Porter et al., 1993) . However, this treatment is only applicable for the process of surimi. Microwave cooking may be another tactical option for inactivating the protease(s) in a whole fillet (Greene and Babbitt, 1990) . To minimize diffusion of the histolytic enzymes into fish tissues, rapid cooking following minimal storage has been recommended (Lester, 1982; Patashnik et al., 1982) . Foott, J. S. and R. P. Hedrick (1987) : Seasonal occurrence of the infectious stage of proliferative kidney disease (PKD) and resistance of rainbow trout, Salmo gairdneri Richardson, to reinfection. J. Fish Biol., 30, 477-483. Fox, M. D., O. Palenzuela and J. L. Bartholomew (2000) : Strate
